Single photon-emission computed tomography (SPECT) with 99mTc-pyrophosphate (PPi) has been shown to estimate size of myocardial infarction accurately in animals. We tested the hypothesis that SPECT with 99mTc-PPi and blood pool subtraction can provide prompt and accurate estimates of size of myocardial infarction in patients. SPECT estimates are potentially available early after the onset of infarction and should correlate with estimates of infarct size calculated from serial measurements of plasma MB-creatine kinase (CK) activity. Thirty-three patients with acute myocardial infarction and 16 control patients without acute myocardial infarction were studied. Eleven of the patients had transmural anterior myocardial infarction, 16 had transmural inferior myocardial infarction, and six had nontransmural myocardial infarction. SPECT was performed with a commercially available rotating gamma camera. Identical projection images of the distribution of 99mTc-PPi and the ungated cardiac blood pool were acquired sequentially over 180 degrees. Reconstructed sections were color coded and superimposed for purposes of localization of infarct. Areas of increased PPi uptake within myocardial infarcts were thresholded at 65% of peak activity. The blood pool was thresholded at 50% and subtracted to determine the endocardial border for the left ventricle. Myocardial infarcts ranged in size from 1 to 126 gram equivalents (geq) MB-CK. The correlation of MB-CK estimates of size of infarct with size determined by SPECT (both in geq) was good (r = .89 with a regression line of y = 13.1 + 1.5x). Close correlations were found between values in patients with anterior transmural infarction (r = .93), those with inferior transmural infarction (r = .85), and those with nontransmural myocardial infarction (r = .91). We conclude that the estimation of size of infarction with SPECT and 99mTc-PPi in patients is accurate and that the results correlate well with MB-CK estimates of size of infarction.
the assessment of interventions to limit that size. Recent work has shown that 99mTc-pyrophosphate (PPi) with single photon-emission computed tomography (SPECT) can be used to measure size of infarction in animals, and SPECT with 99mTc-PPi has been used to size myocardial infarction in patients.`However, the measurement of myocardial infarction with SPECT using 99Tc-PPi has not previously been validated by comparison with currently accepted alternative methods. The level of creatine kinase isoenzyme (MB-CK) has been used extensively for detection and quantification of myocardial infarcts.7-9 Therefore, the purpose of this study was to test the hypothesis that SPECT with 99mTc-PPi and blood pool subtraction can accurately measure size of infarction in patients with acute myocardial infarcts by comparing results with this method with estimates made from serial plasma MB-CK measurements.
Methods
Study population. Thirty-three patients admitted to Parkland Memorial Hospital, Dallas, between April 1981 and June 1983 with acute myocardial infarction and enrolled in the Multicenter Investigation of Limitation of Infarct Size (MILIS) were studied. The diagnosis of acute myocardial infarction was confirmed by history, electrocardiographic data, and serial enzyme determinations. There were 1 patients with transmural anterior myocardial infarctions, 16 patients with transmural inferior myocardial infarctions, and six patients with nontransmural myocardial infarctions. The average age of the patients studied was 51.3 ± 10.4 (mean -+-1 SD) years. The group included 25 male and eight female subjects.
A control group of 16 patients underwent imaging. This group included patients with stable angina, unstable angina, and chest pain of uncertain cause. The control patients were studied between November 1981 and June 1983; several were described in a previous report from our institution.5 No control patients had enzymatic or electrocardiographic evidence of acute myocardial infarction.
SPECT imaging. SPECT was performed 3.3 -1 .8 days after admission. Imaging began 2 to 4 hr after the intravenous injection of 25 mCi of 99n'Tc-PPi. Patients underwent imaging while supine with the left arm positioned beside the head. Thirty-two projection images were acquired over 180 degrees from 60 degrees right anterior oblique to 30 degrees left posterior oblique at a zoom of 1.3 to 1 with a rotating wide-field-of-view gamma camera (GE 400T) equipped with a low-energy, general-purpose, parallel-hole collimator. Projection images were stored as 64 x 64 matrixes in the memory of a dedicated nuclear medicine computer system (MDS; Ann Arbor, MI). Projection images were acquired for a preset time of 15 to 20 sec each, and contained 100,000 to 200,000 counts per image (total activity approximately 4.8 x 106 counts). The radius of rotation ranged from 2 1 to 27 cm and was selected to minimize the distance from detector to the chest wall. Immediately after the acquisition of the last 99"Tc-PPi projection image, 20 mCi of 99n'Tclabeled autologous red blood cells labeled in vitro were injected. Five minutes later, 32 identical ungated cardiac blood pool projection images were acquired in the same manner. Projections were acquired for a preset time interval of 10 to 20 sec each and contained 300,000 to 600,000 counts per projection. Total FIGURE 1A . Color-coded overlay of PPi (in orange) on the ungated blood pool (in blue). Images are of transaxial sections through the volume of the thorax including the heart. Sections I to 16 begin caudal to the heart and progress cephalad through the thorax. Sections are in standard computed tomographic format, i.e., head in face up, except that the sections have been rotated counterclockwise so that the ventricular apex is at 12 o'clock. Note the sternumn at 10 o'clock and the spine at 4 o'clock. An intense area of 99'Tc-PPi uptake (-*) along the posterior segment of the left ventricle can be seen in images 7 to 12. FIGURE lB. PPi transaxial sections generated by filtered backprojection. Sections are in the same format as in figure lA and are used for masking. Note sternum and spine. There is an intense area of 99'Tc-PPi uptake (--) along the posterior segment of the left ventricle in images 7 to 12. Faint right ventricular uptake (->) can be scen just behind the sternum in sections 6 to 8.
imaging time for the two SPECT studies was 20 to 30 min. The resolution in the reconstructed volume of the imaging system at 140 keV was 15.7 mm full width half maximum measured in a water-filled cylinder of 10 cm radius positioned at the center of rotation with an orbit radius of 20 cm.
All projection images were corrected for field nonuniformity and for center of rotation. Transverse sections of one-pixel thickness were reconstructed by filtered backprojection. The filter used for reconstruction was the product of a Hanming lowpass filter with a frequency cutoff of 0.75 and a ramp filter. The digital resolution of reconstructed slices was 64 x 64. Attenuation correction was not attempted. Voxel dimensions were 0.476 cm X 0.476 cm x 0.476 cm.
Infarct localization: overlay technique. The distribution of myocardial uptake of wnlTc-PPi was determined on a slice bys lice basis with a color-coded overlay of PPi on the ungated blood pool (figure IA). With a dedicated nuclear medicine computer system equipped with an array processor (Technicare 560; Solon, OH), sectional images were count normalized and the pixel values were mapped into a range of 0 to 512. A bichromic color table was generated with blood pool images monochromatic in blue over the range 0 to 5 12 and PPi images monochromatic in orange over the range 513 to 1023. PPi images were placed in the orange range by adding 512 to each pixel. Each slice was viewed as a static slice-for slice overlay.
Infarct sizing procedure: SPECT. All measurements were made prospectively by two independent observers who were blinded to the enzyme determinations and to each others results. The localization and distribution of myocardial infarction were determined subjectively by each observer from the acute PPi Vol. 72, No. 2. August 1985 uptake identified from the overlaid blood pool and PPi tomograms (see above). Noncardiac activity was removed from the respective PPi tomographic and blood pool slices by widely masking around the areas of myocardial uptake (figure 1 B) and areas of the cardiac blood pool on a slice-by-slice basis. Myocardial uptake was determined from the activity remaining in the 99"'Tc-PPi transaxial sections by a simple three-dimensional thresholding procedure at 65% of the peak voxel value within the infarct volume (figure IC). Blood pool regions were determined with the use of a threshold of 50% of the peak voxel value within the blood pool volume. The blood pool regions were used to define the endocardial border within the PPi tomogram, which resulted in removal of any residual blood pool activity. Blood pool regions were subtracted slice for slice from the corresponding 9l`Tec-PPi regions of interest (figure ID). The "infarct voxels" were then summed, and size of infarction was determined by multiplying the infarct voxels by 0.1078 cm3/voxel and 1.05 g/cm3 muscle. A previous investigation at our institution has shown that subtraction of blood pool activity provides a significantly better identification of myocardial infarets and estimate of their relative size than does measurement without blood pool subtraction.5
Thresholds were determined from phantom studies in which a 25 g infarct and a 100 ml left ventricular blood pool were simulated. A 25 ml SOm7Tc-filled balloon was applied to the surfacc of a 100 ml cone-shaped vial. This was suspended eccentrically in a 20 cm diameter water-filled cylinder and imaged as previously described. Imaging was repeated with the balloon removed and the vial filled with 99n1Tc to simulate a labeled 100 ml left ventricular blood pool. Infarct sizing procedure: MB-CK determinations. Plasma MB-CK determinations were made in samples drawn from each patient at the time of admission, hourly for 4 hr, every 2 hr for the next 4 hr, and every 4 hr until completion of a 72 hr interval from the time of the initial sample. Serial samples were then drawn every 8 hr for the next 48 hr, and every 12 hr for the next 9 days. MB-CK was measured by both radioimmunoassay and batch absorption on glass beads. The radioimmunoassay provided a quality control for the adequacy of sampling and protection of each sample during freezing, storage, and shipping to the CK laboratory at Washington University School of Medicine in St. Louis. MB-CK values determined by the glass-bead method were used for construction of plasma time-activity curves. Size of infarction was calculated based on measured MB-CK appearing in plasma, the distribution volume of MB-CK, and the amount of MB-CK activity contained in myocardium and lost in association with irreversible injury, as previously described.9 Results were expressed in gram equivalents of MB-CK.
Statistical methods. Comparison of MB-CK-determined size of infarction with that determined by SPECT was by regression equations calculated by least squares methods. The correlation coefficients reported are Pearson r values calculated by regression analysis. All means are reported + 1 SD. lntraobserver and interobserver reproducibility are reported as percent variability or as the Pearson r value.
Results
In the control group, two of 16 patients had abnormal tomographic 9fmTc-PPi uptake suggestive of myocardial infarction. One had unstable angina with a history of an extensive anterior myocardial infarction 3 months previously, and infarct size in this patient was 9 g. The second patient had chest pain, no previous history of cardiac disease, and an infarct size of 8 g.
Of the 33 patients with known acute myocardial infarction, analysis of electrocardiograms revealed that 11 patients had transmural anterior myocardial infarctions, 16 patients had transmural inferior myocardial infarctions, and six patients had nontransmural myocardial infarction. The PPi estimate of size of infarction ranged from 6 to 81 geq, with a mean of 33.7 + 18.5 geq. The mean size of anterior transmural infarcts was 41.4 + 20.6 geq; that of inferior trans-330 mural infarcts, 34 ± 15.9 geq; and that of nontransmural infarcts, 18.7 + 13.1 geq. The MB-CK estimates of infarct size ranged from 1 to 126 geq, with a mean of 37.9 ± 31.4 geq. The mean size of anterior transmural infarcts was 51.8 + 32.1 geq; that of inferior transmural infarcts, 36.2 ± 32.2 geq; and that of nontransmural infarcts, 16.8 ± 13.7 geq. The correlation between MB-CKand SPECT-determined infarct size was good, with a correlation coefficient of .89 (p < .001) and an SEE of 14.5 Interobserver and intraobserver determinations were made in a blinded manner and 6 months was allowed to elapse between determinations by the same observer. The intraobserver variability by mean percent difference was 10.7 ± 9.6% and the interobserver variability was 15.8 ± 15.2%. The intraobserver correlation was represented by r -.97 (p < .001) and SEE = 4.7 geq, with a regression line of y = 1.67 + 0.95x. The interobserver correlation was represented by r = .96 (p < .001) and SEE -5.4 geq, with a regression line of y= 3.38 + 0.94x.
Discussion
These data demonstrate a close correlation between size of myocardial infarction calculated from serial plasma MB-CK measurements and values calculated with SPECT with s9mTc-PPi. Previous studies have shown that size of infarct determined with the latter method correlates well with prognosis.5 6 Our data suggest that SPECT with PPi imaging permits accurate CIRCULATION FIGURE ID. PPi uptake (in white) after masking and thresholding. Subtraction of blood pool (in grey) results in determination of final infarct areas of interest. The format is as in figures lB and IC. estimation of size of infarct in patients with transmural (Q wave) and nontransmural (non-Q wave) myocardial infarctions.
SPECT is superior to planar imaging because of the three-dimensional nature of tomographic reconstructed images.5' 6 Previously, poor correlations have been found between size of infarct on planar PPi images and postmortem size in dogs with nontransmural and inferior/posterior infarcts.4 10 Thus, the present study confirms our previous work and that of others in dogs that SPECT with 99mTc-PPi provides an excellent means of sizing myocardial infarcts irrespective of infarct location4' 12 and extends these observations to patients. The correlation between size of myocardial infarction determined by SPECT and that by MB-CK analyis was close despite the presence of several potential sources of error associated with SPECT measurements. 1 First, some patients underwent imaging at less than ideal times after myocardial infarction: in the present study, seven patients underwent imaging 5 to 10 days after the onset of chest pain. Second, attenuation correction was not attempted in the present study and projections were acquired over 180 degrees. We suspect that attenuation correction, which requires 360 degree projection image sets, might be a useful addition to our methods. Large myocardial infarcts may have been underestimated because no correction for attenuation was made. Third, the simple edge detector used in this study might include high-intensity apical uptake at the expense of lower intensity basal activity. Furthermore, the limited resolution of our system may result in overestimation of small infarcts. Improved 
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tomographic imaging systems and more accurate edge detection programs should help eliminate some of these potential problems. SPECT with PPi imaging allows accurate localization and determination of size of acute infarction in patients. The method can be useful in patients when repetitive blood sampling is not possible or if timing of the patient's myocardial infarction prohibits proper serial MB-CK sampling for purposes of estimating infarct size. Furthermore, some institutions do not have -the necessary equipment for MB-CK curve analysis and SPECT provides an alternative method for infarct sizing. Patients in our study did not undergo thrombolytic therapy or other early reperfusion therapies. Rapid reperfusion with thrombolytic therapy or angioplasty affects MB-CK release and may limit the usefulness of MB-CK curve analysis for determination of size of infarction after early reperfusion. Early reperfusion has been shown to allow earlier detection of myocardial infarcts by PPi imaging,?'4 11 although the ability to size infarcts after early reperfusion with SPECT and PPi imaging is an area of ongoing research.
In summary, our data suggest that SPECT with 99mTc-PPi can accurately size myocardial infarcts in patients. Previous studies have shown that infarct sizes determined by 99mTc-PPi tomography correlate with patient prognosis.5 6 The present study demonstrates that the SPECT measurements correlate closely with those by an established clinically useful method, i.e., measurement of serial plasma MB-CK levels. Although further correlations with other measurements of size of infarction in patients may be necessary, our data suggest that SPECT imaging with PPi is useful in estimating size of acute myocardial infarction in patients. 
